CYSTIC FIBROSIS TRANSMEMBRANE conductance regulator (CFTR) is a cAMP-regulated anion channel that is expressed in the apical membrane of epithelial cells (18) . In the pancreas, CFTR is found in centroacinar cells, intralobular ducts, and small interlobular ducts and plays a key role in bicarbonate (HCO 3 Ϫ ) and fluid secretion in the pancreatic juice (3, 21, 28) . CFTRmediated HCO 3 Ϫ secretion dilutes and alkalinizes the proteinrich acinar secretion, which is thought to prevent the formation of protein plugs and blockage of the ducts (12) . A recent study using Na ϩ /H ϩ exchanger regulatory factor-1 knockout mice demonstrated that mislocalization of CFTR worsened experimental acute pancreatitis (35) and suggested that CFTR protects from acute pancreatitis.
Over 1,900 mutations and polymorphic loci have now been identified in the CFTR gene (Cystic Fibrosis Mutation Database; www.genet.sickkids.on.ca), and there are considerable regional and ethnic variations in the spectrum (38) . Combination of mutations and polymorphisms confer variable phenotypes (11) . Loss of CFTR function (Ͻ1%) due to severe mutations on both alleles causes cystic fibrosis (CF) with chronic airway disease and pancreatic insufficiency. Decrease of CFTR function to ϳ5% due to compound heterozygote of one severe mutation and one mild mutation causes "pancreatic sufficient" CF. Nonclassic or atypical CF presents single-organ disease phenotypes, including disseminated bronchiectasis, congenital bilateral absence of the vas deferens, and chronic pancreatitis, which are classified as CFTR-related disorders (5, 36) .
Chronic pancreatitis is a progressive inflammatory disease of the pancreas that causes the loss of acinar cells, ductal irregularities often with intraductal stones, and irregular fibrosis. Although alcohol abuse is the major cause of chronic pancreatitis, only a minority of heavy drinkers develop pancreatitis. Thus chronic pancreatitis is thought to result from a combination of environmental (alcohol, cigarettes, etc.) and genetic factors [CFTR, PRSS1 (protease, serine, 1, trypsin 1), SPINK1 (serine protease inhibitor Kazal-type 1), etc.] (6). In European populations, CFTR mutations have been frequently (ϳ30%) found in patients with idiopathic chronic pancreatitis (4) . Although some of the patients were classified as CF or CFTRrelated disorders after search for rare CFTR mutations and sweat Cl Ϫ measurement, many of the patients with chronic pancreatitis carrying one CFTR mutation were not diagnosed as CF or CFTR-related disorders (5) . The risk of chronic pancreatitis increased 4.3 times in CF carriers (8) . Subjects carrying one mild/uncommon CFTR mutation were also reported to be at an increased (approximately threefold) risk of chronic pancreatitis (45) .
Although CF is quite rare in Asian populations, including Japanese (19, 47) , the incidence of chronic pancreatitis in Japan (11.9 per 100,000) (17) is similar to that in the United States (46) . Measurement of sweat Cl Ϫ suggested that about one-third to one-half of cases of chronic pancreatitis (both idiopathic and alcoholic) in Japanese are related to the dys-function of CFTR (16, 34) . Our laboratory's previous study (13) indicated the association of two types of CFTR variants, c.4056GϾC, p.Arg1352His (Q1352H) and c.4357CϾT, p.Arg1453Trp (R1453W), and chronic pancreatitis in Japanese. Defects of protein expression and ion transport of Q1352H-CFTR were confirmed by heterologous expression system, while R1453W-CFTR showed mild reduction of open probability (27) . In the present study, we have shown that a Japanese-specific CFTR variant, c.3468GϾT, p.Leu1156Phe (L1156F), is related to alcoholic chronic pancreatitis in Japanese. The risk of the L1156F carrier for developing chronic pancreatitis was 9.0 times higher compared with that of the noncarrier. Since L1156F is linked to c.1408AϾG, p.Met470Val (M470V), a world-wide CFTR variant, we have examined the protein expression and functional characteristics of M470VϩL1156F-CFTR using heterologous expression systems. We have found that combination of M470V and L1156F partially impaired expression and channel function of CFTR and substantially impaired the CFTR-coupled Cl Ϫ /HCO 3 Ϫ exchange activity.
MATERIALS AND METHODS
Subjects. This study was approved by the ethics committee of Nagoya University Graduate School of Medicine, and written, informed consent was obtained from each subject before the study. Seventy patients with alcoholic chronic pancreatitis (65 men, 5 women; mean age 61.3 yr, range 37-82 yr), 18 patients with idiopathic chronic pancreatitis (13 men, 5 women; mean age 55.6 yr, range 24 -85 yr), and 180 normal subjects (156 men, 24 women; mean age 52.3 yr, range 19 -87 yr) participated in this study. Diagnosis of chronic pancreatitis was based on the criteria of the Japan Pancreas Society (42) . Patients who consumed ethanol (EtOH) over 60 g/day for more than 10 yr were considered alcoholic. Patients with no or occasional social alcohol intake were classified as idiopathic, following the exclusion of known rare causes of chronic pancreatitis.
Analysis of the CFTR, SPINK1, and PRSS1 genes. Genomic DNA was extracted from blood leukocytes. PCR was carried out using the primers shown in Table 1 . PCR products were purified using the High Pure PCR Product Purification Kit (Roche Diagnostics, Mannheim, Germany). The sequence reaction was carried out using the GenomeLab Dye Terminator Cycle Sequencing with Quick Start kit (Beckman Coulter, Fullerton, CA). The reaction products were purified using the Centri-Sep spin columns (Applied Biosystems, Foster, CA) and sequenced by CEQ 8000 system (Beckman Coulter).
All 27 exons and their boundaries [100 -300 bp, including c.1210-12T (5-9), poly T and c.1210-34GT (9 -13), TG repeats in intron 9] and promoter region (up to 1,028 bp upstream of the translation initiation codon of exon 1) of the CFTR gene were sequenced for samples from alcoholic and idiopathic chronic pancreatitis. Six CFTR variants, c.650AϾG, p.Glu217Gly (E217G); c.1666AϾG, p.Ile556Val (I556V); M470V; L1156F; Q1352H; and R1453W, were detected. The presence of these variants in normal subjects was screened by SNP typing with Masscode system (Shimadzu, Kyoto, Japan) and confirmed by direct sequencing in positive and equivocal cases. In subjects carrying CFTR variants, the presence of c.101AϾG, p.Asn34Ser (N34S) and IVS3ϩ2TϾC mutations in the SPINK1 gene and c.365GϾA, p.Arg122His (R112H) and c.86AϾT, p.Asn29Ile (N29I) mutations in the PRSS1 gene were analyzed by sequencing.
Measurement of sweat Cl Ϫ concentration. Cl Ϫ concentrations in insensible sweat were estimated by dividing the amount of Cl Ϫ recovered from one thumb by the amount of sweat measured in the other thumb, as our laboratory described previously (33, 34 ). This method is based on the observation that the sweat rates of the right and left fingers are almost identical (44) . Sweat rate from one thumb was measured by a perspiration meter (Perspiro 201, Suzuken, Nagoya, Japan), and sweat during the period was collected from the other thumb. The Cl Ϫ content was measured by capillary electrophoresis (Bio-Rad, Hercules, CA).
Evaluation of pancreatic exocrine function. Pancreatic exocrine function was evaluated by the secretin test, as our laboratory previously described (25) . Duodenal intubation was performed to collect pancreatic juice. After an acclimation period, 80 U/body of human secretin (ChiRhoStim, ChiRhoClin, Burtonsville, MD) were administered intravenously, and pancreatic juice was collected every 10 min for 60 min. Total secreted volume (ml/h) and total amylase output (U/h) were measured. The HCO 3 Ϫ concentration in each sample was measured, and the highest value was set as the maximum HCO 3 Ϫ concentration (MBC; meq/l). The lower limits of normal range of volume, amylase output, and the MBC are 183 ml/h, 99,000 U/h, and 80 meq/l, respectively (25) .
Preparation of DNA constructs of CFTR variants. Wild-type human CFTR cDNA in pCMV vector (pcDNA3-CFTR) was provided by Prof. K. Kirk (University of Alabama School of Medicine). CFTR mutations (M470V, L1156F, and both of M470V and L1156F) were introduced by site-directed mutagenesis (QuickChange mutagenesis kit, Stratagene, La Jolla, CA). The primers used for M470V are as follows: sense 5=-GGCAAGACTTCACTTCTAATGGTGAT-TATGGGAGAACTGG-3=, antisense 5=-CCAGTTCTCCCATAAT-CACCATTAGAAGTGAAGTCTTGCC-3=. The primers used for L1156F are as follows: sense 5=-ATAGATGTGGATAGCTTTAT-GCGATCTGTGAGCCGAGTCT-3=, antisense 5=-AGACTCGGCT-CACAGATCGCATAAAGCTATCCACATCTAT-3=.
Expression of CFTR variants in human embryonic kidney-293 and CFPAC-1 cells. Cells were cultured in Dulbecco's modified Eagle's medium with high glucose supplemented with 10% fetal calf serum, penicillin (100 U/ml), and streptomycin (100 mg/ml) in 35-mm dishes. Cells were transfected with 2.5 g of each plasmid using Lipofectamin or Lipofectamine LTX & PLUS Reagent (Life Technologies, Carlsbad, CA). Cells were used 24 -72 h posttransfection for experiments.
Real-time PCR was performed to confirm the successful transfection. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and reverse transcribed using the PrimeScript RT Reagent Kit with gDNA Eraser (Perfect Real Time) (Takara Bio, Otsu, Japan). A fluorogenic SYBR Green and Mx3000P QPCR System (Agilent Technologies, Santa Clara, CA) were used for real-time quantification. The primers used for CFTR are as follows: sense 5=-TGCCCTTCGGCGATGTTTTT-3=, antisense 5=-GTTATC-CGGGTCATAGGAAGCTA-3=.
For Western blot analysis, cells were lysed in a Passive Lysis Buffer (Promega, Madison, WI). Thirty micrograms of protein were suspended in sodium dodecyl sulfate sample buffer (Life Technologies) and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The separated proteins were transferred to a polyvinylidene difluoride membrane and probed with a monoclonal antibody against the NBD2 domain of CFTR (M3A7, Millipore, Billerica, MA, or sc-10747, Santa Cruz, Dallas, TX). After treating with the secondary antibody, protein bands were visualized by the enhanced chemiluminescence using ECL Western Blotting Starter Kit (GE Healthcare Bio-Sciences, Piscataway, NJ).
Effects of EtOH, acetaldehyde (ALD), palmitoleic acid (POA) (Santa Cruz, Dallas, TX), and palmitoleic acid ethyl ester (POAEE) (Santa Cruz, Dallas, TX) on the protein expression were examined by treating cells for 24 -48 h. POA and POAEE were solubilized according to a previous work (29) . Intracellular pH (pH i) and Cl Ϫ concentration ([Cl Ϫ ]i) were measured at room temperature as previously described (41). In brief, the electrodes were prepared from single-barreled borosilicate glass tubes and vapor silanized with bis(dimethylamino)dimethyl silane. The tips of the pH electrodes were filled with H ϩ exchanger resin (hydrogen ionophore I, cocktail B; Sigma-Aldrich, St. Louis, MO). The electrodes were fitted with a holder with an Ag-AgCl wire attached to a high-impedance probe of a two-channel electrometer (FD-223; World Precision Instruments, Sarasota, FL). A second channel was used for the measurement of membrane potential by standard reference microelectrodes. The signal from the voltage electrode was subtracted from the voltage of the pH electrode. HCO 3 Ϫ fluxes were calculated from the change of pHi and the buffering capacity. [ 
Molecular modeling of CFTR.
A molecular model of CFTR protein was constructed by homology modeling using Discovery studio (Accelrys, San Diego, CA). The sequence alignment of two transmembrane domains (TMD1 and TMD2) and two nucleotide-binding domains (NBD1 and NBD2) were performed using 3G5U (for TMD1 and TMD2), 1XMI (for NBD1), and 3GD7 (for NBD2) as template structures, according to a previous work (14) . Energy minimization and equilibration were performed using the CHARMM22 force field. This atomic model lacks the regulatory domain (R domain, residues 656 -857), NH2-terminal (residues 1-44), and COOH-terminal (residues 1461-1480) regions.
Statistical analysis. For clinical data, 2 test with Yates correction, if appropriate, was used for statistical analysis. Data of in vitro experiments are presented as means Ϯ SE of the indicated number of experiments. Statistical analysis was carried out by Student's t-test or ANOVA followed by Dunnett's test for multiple comparisons.
RESULTS
CFTR variants in Japanese patients with chronic pancreatitis. Established CF-causing mutations were not found. Six variants (E217G, I556V, M470V, L1156F, Q1352H, and R1453W) were identified in coding regions of the CFTR gene ( Table 2 ). The allele frequencies of L1156F and Q1352H in alcoholic chronic pancreatitis (5.0 and 7.9%) were significantly (P Ͻ 0.01) higher than those in normal subjects (0.6 and 1.9%). The allele frequency of R1453W in idiopathic pancreatitis (11.1%) was significantly (P Ͻ 0.01) higher than that in normal subjects (1.9%). The allele frequencies of E217G, I556V, and M470V were not different among groups.
Genotypes, pancreatic exocrine function, and sweat Cl Ϫ of chronic pancreatitis patients carrying the L1156F. Table 3 shows the characteristics of eight patients with alcoholic (7 men) and idiopathic (1 woman) chronic pancreatitis who carry the L1156F variant. Genotypes of CFTR (presence of L1156F and Q1352H, M/V470, poly T, and TG repeats), sex, age, etiology of pancreatitis, presence or absence of pancreatic stone, pancreatic exocrine function (secretin test), sweat Cl Ϫ concentration, and mutations in SPINK1 and PRSS1 are shown. Age (mean 58.8 yr, range 49 -73 yr) was not different from that of total patients. Pancreatic stone was found in seven of eight patients. Secretin test was performed in three patients. Volume and amylase output of collected pancreatic juice from three patients were all below the normal lower limits. The MBC of pancreatic juice from two of three patients was below the normal lower limits.
There was no homozygote of L1156F. All patients carrying the L1156F had M470V on at least one allele, suggesting that L1156F is linked to M470V. Two patients had the Q1352H variant, which is also associated with alcoholic chronic pancreatitis. Two patients had a genotype of 7/7 poly T and 11/11 TG repeats, whereas six patients had a genotype of 7/7 poly T and 11/12 TG repeats. One patient had N34S mutation in SPINK1. Sweat Cl Ϫ was measured in five patients. Sweat Cl Ϫ of three patients was Ͼ60 mM, and that of two patients was in the intermediate range (40 -60 mM). (Fig. 1) . The ϳ170-kDa bands corresponding to glycosylated mature "band C" CFTR proteins and another smaller-size fragment (ϳ150 kDa) corresponding to immature "band B" CFTR protein were detected. When the band intensities of mature CFTR were normalized against those of ␤-actin, the expression of M470VϩL1156F-CFTR was reduced to 60 Ϯ 10% (P Ͻ 0.01) compared with wild-type CFTR. The expression of M470V-CFTR and L1156F-CFTR was not significantly different from that of wild-type CFTR.
Expression of CFTR variants in HEK-293 cells. The protein expression of wild-type CFTR and three CFTR variants (M470V-CFTR, L1156F-CFTR, M470VϩL1156F-CFTR) transfected in HEK-293 cells was examined by Western blot analysis
Effects of EtOH and ALD on the protein expression of wild-type and M470VϩL1156F CFTR were examined (Fig.  2) . Treatment with combination of EtOH (50 mM) and ALD (200 M) for 24 h significantly (P Ͻ 0.05) inhibited the expression of wild-type CFTR, whereas EtOH and ALD by themselves did not affect the expression. The expression of M470VϩL1156F CFTR was not affected by EtOH, ALD, and their combination.
Free fatty acids and fatty acid ethyl esters, nonoxidative metabolites of EtOH, have toxic effects on pancreatic acinar cells (9) . Previous studies demonstrated that POA and POAEE inhibited the protein expression and function of CFTR in pancreatic duct cells (23, 29) . Treatment with POA (100 M) or POAEE (100 M) for 48 h significantly (P Ͻ 0.05) inhibited the expression of wild-type CFTR (Fig. 3) . The expression of M470VϩL1156F CFTR was not affected by POA and POAEE.
Cl Ϫ channel activity of CFTR variants in HEK-293 cells. Cl Ϫ channel current of wild-type CFTR and three CFTR variants (M470V-CFTR, L1156F-CFTR, M470VϩL1156F-CFTR) were measured by the whole cell configuration (Fig. 4) . (Fig. 5B) and a slower pH i elevation (Fig. 5A) . The activity of HCO 3 Ϫ and Cl Ϫ transport by M470VϩL1156F-CFTR was significantly (P Ͻ 0.01) reduced to 52 and 57% of that by wild-type CFTR (Fig. 5C) . Unexpectedly, membrane current by M470VϩL1156F-CFTR was similar to that by wild-type CFTR. M470V and L1156F by themselves did not affect CFTR-mediated HCO 3 Ϫ /Cl Ϫ transport.
Cl Ϫ /HCO 3 Ϫ exchange activity coupled with CFTR variants. It has been known that CFTR and SLC26 Cl Ϫ /HCO 3 Ϫ exchangers (SLC26A3 and A6) are physically and functionally coupled to work as machinery for HCO 3 Ϫ secretion, and that the Cl Ϫ /HCO 3 Ϫ exchange activity of SLC26A3 and A6 is dependent on the presence of functional CFTR (26) . CFPAC-1, a human pancreatic duct cell line bearing F508del-CFTR endogenously expresses SLC26A3 and A6 (15) . The regulation of SLC26 Cl Ϫ /HCO 3 Ϫ exchangers by CFTR variants was examined by transfecting the variants to CFPAC-1 cells (Fig. 6) . The Cl Ϫ /HCO 3 Ϫ exchange [anion exchanger (AE)] activity was estimated from the rate of pH i increase on removal of Cl Ϫ . In cells transfected with wild-type CFTR, stimulation with forskolin (1 M) increased the rate of pH i increase by approximately fourfold from 0.77 Ϯ 0.10 (n ϭ 18) to 3.28 Ϯ 0.13 (n ϭ 25). The stimulated pH i response was decreased by only 8.8% to 2.99 Ϯ 0.07 (n ϭ 18) with CFTRinh-172 (10 M) and thus largely mediated by AE, which is consistent with a previous report that transfection of wild-type CFTR augmented DIDS-sensitive AE activity in CFPAC-1 cells (15) .
The CFTR-dependent AE activity was compared under forskolin stimulation (Fig. 6) . Transfection of wild-type CFTR increased the AE activity by approximately fivefold (compared Ϫ channel activity of wild-type CFTR (black trace) and 3 CFTR variants (M470V-CFTR, blue; L1156F-CFTR, green; M470VϩL1156F-CFTR, red) were measured in the whole cell configuration. After the whole cell configuration was established with N-methyl-D-glucamine-Cl rich solutions, CFTR was activated with 10 M forskolin. Currents were recorded at a holding potential of Ϫ60 mV, and peak currents were normalized as current densities (pA/pF). After the peak current was observed, glibenclamide (100 M) was added to the bath solution. Values are shown as representative traces (A) and means Ϯ SE of 7-9 experiments (B).
with mock). The AE activity in cells transfected with three CFTR variants, M470V, L1156F, and M470VϩL1156F-CFTR, was all much smaller (P Ͻ 0.01) compared with cells transfected with wild-type CFTR. The AE activity coupled with M470V, L1156F, and M470VϩL1156F-CFTR was 33, 35, and 26%, respectively, of that coupled with wild-type CFTR. The AE activity coupled with M470VϩL1156F-CFTR was significantly (P Ͻ 0.05) smaller compared with that with L1156F-CFTR.
Localization of M470 and L1156 in homology model of CFTR. To examine the possible effects of M470V and L1156F on CFTR function at the molecular level, we constructed a homology model of CFTR in the inward-facing conformation (closed state). Figure 7 indicates M470 in NBD1 and L1156 in the junctional residues between TMD2 and NBD2. Thus M470V may affect ATP binding to NBD1, and L1156F may affect conformational transition between closed and open states. However, M470 and L1156 are not close to each other, and it is not clear why the double mutation (combination of M470V and L1156F), but not single mutations, affected the transport Cl Ϫ and HCO 3 Ϫ (Fig. 5) .
DISCUSSION

Spectrum of CFTR variants in Japanese.
The spectrum of CFTR mutations/polymorphisms shows considerable regional and ethnic variations (13, 38) , and some of the polymorphisms (such as poly T, TG repeats, and M470V) as well as mutations are known to significantly affect CFTR function. Thus the association of CFTR variants/dysfunction and CF/CFTR-related diseases, including chronic pancreatitis, may vary among different ethnic groups.
Common disease-causing mutations in Europeans, such as F508del, have never been identified in Japanese CF patients. Most of the mutations found in alleles inherited from Japanese/ Asian ancestry are of rare types (22, 30, 48) . Our laboratory's recent data suggest that c.2908ϩ1085_3367ϩ260del7201 (CFTRdele16-17b) is the major CF-causing mutation in Japanese (20, 31) .
Among polymorphisms, longer TG repeats in IVS8 increase the probability of exon 9 skipping (43), and M470V-CFTR causes mild channel dysfunction to ϳ60% (10, 27) . In a previous study, our laboratory has performed haplotype anal- ysis of CFTR polymorphisms in Japanese (13) . While (TG)10 and (TG)11 are common in Europeans, Japanese had longer (TG)11 or (TG)12. The haplotype frequencies of (TG)n-M/ V470 in Japanese were ϳ51% for (TG)11-V470, ϳ31% for (TG)12-M470, and ϳ16% for (TG)12-V470. The data predict that background CFTR function in Japanese is lower than that in Europeans.
The association of chronic pancreatitis and three Japanese/ Asian types of CFTR variants (L1156F, Q1352H, and R1453W) were demonstrated in our present and previous (13) studies. Twenty-three of 88 patients with chronic pancreatitis (26.1%) carried one or two of the three variants, which was 2.9 times higher than that in normal subjects ( Table 2) . None of the CF-causing mutations was found, and thus the spectrum of pancreatitis-related CFTR variants is different from that of CF-related mutations. Although two other studies indicated a higher frequency of 5T in Japanese patients with chronic pancreatitis (2, 24), we have not found a similar association (Table 2 ) (13) .
Epidemiology of L1156F-CFTR. While Q1352H and R1453W are also found in Koreans (27) and thus categorized to Asian-type CFTR variants, L1156F is probably a Japanesespecific CFTR variant and has not been reported from other countries. Guanine to thymine substitution at nucleotide position 3468 in the CFTR gene (c.3468GϾT) results in the leucine to phenylalanine substitution at 1156 in the polypeptide. L1156F was previously found in an adult, Japanese healthy female (Cystic Fibrosis Mutation Database), and a recent study reported the association of L1156F and chronic pancreatitis in Japanese (32) .
In the present study, we have found that L1156F is associated with alcoholic chronic pancreatitis in Japanese (the odds ratio ϭ 9.0 compared with normal subjects, Table 2 ). L1156F was found in 10.0% in patients with alcoholic chronic pancreatitis. While Q1352H was also found in patients with congenital bilateral absence of the vas deferens (1) and diffuse panbronchiolitis and R1453W in patients with diffuse panbronchiolitis (Cystic Fibrosis Mutation Database), L1156F has not been found in other CFTR-related diseases. Thus L1156F is probably a pancreatitis-specific CFTR variant.
Functional characteristics and molecular modeling of L1156F-CFTR. Although some CFTR variants have been reported to increase the risk for developing chronic pancreatitis, the functional characteristics were examined only for a few variants (10, 27, 39) . Since L1156F is most likely linked to M470V (Table 2) , we analyzed the protein expression, Cl Ϫ channel activity, HCO 3 Ϫ /Cl Ϫ transport activity, and CFTRcoupled Cl Ϫ /HCO 3 Ϫ exchange activity of three CFTR variants (M470V-CFTR, L1156F-CFTR, M470VϩL1156F-CFTR) using heterologous expression systems.
The combination of M470V and L1156F reduced the expression of mature "band C" form of CFTR protein to 60ϳ70% (Figs. 1-3 ). The effects of M470V and L1156F by themselves on the protein expression were not significant due to a considerable variation between experiments. The variable effects of M470V may be related to the different rate of maturation between M470 and V470 CFTR proteins (10) .
The M470VϩL1156F-CFTR variant expressed in Xenopus laevis oocytes showed a reduction of HCO 3
Ϫ
/Cl
Ϫ transport activity to 50ϳ60% of wild-type CFTR (Fig. 5) , while L1156F by itself caused almost no reduction. However, the M470VϩL1156F-CFTR variant expressed in HEK-293 cells showed a weak (by ϳ20%) and nonsignificant reduction of whole cell Cl Ϫ channel current compared with wild-type CFTR (Fig. 4) . The difference may be due to the different systems of heterologous expression. To the contrary, CFTR-coupled Cl Ϫ /HCO 3 Ϫ exchange activity was substantially impaired by M470V, L1156F, and the double mutation (M470VϩL1156F, Fig. 6 ).
M470 and L1156F are not close to each other in the inward-facing conformation (closed state) in a predicted model of CFTR (Fig. 7) , which do not explain why the combination of M470V and L1156F impaired Cl Ϫ /HCO 3 Ϫ transport activity. L1156F-CFTR variant and chronic pancreatitis. Genotypephenotype correlation in CF is most evident for exocrine pancreatic status (11) . Particular cases of chronic pancreatitis develop as atypical CF with single-organ disease phenotypes or CFTR-related disorders (5). CFTR mutations have been frequently found in patients with chronic pancreatitis (4). Thus pancreas is probably more sensitive to mild CFTR dysfunction than the other organs. The CFTR variant, L1156F, identified in the present study is associated with chronic pancreatitis but not CF, which is consistent with the idea.
The present eight cases of adult-onset chronic pancreatitis carrying L1156F are probably not categorized to atypical CF. However, high level of sweat Cl Ϫ in three patients indicates CFTR dysfunction. We may predict total CFTR function in vivo from genotypes (Table 3 ) and the CFTR channel activity of each variant. The activity of M470VϩL1156F-CFTR is 50ϳ80% of the wild-type CFTR (Figs. 4 and 5) , that of M470VϩQ1352H-CFTR was ϳ1% of the wild type (27) , and that of M470V-CFTR was 60ϳ95% of the wild type (10, 27) ( Figs. 4 and 5) . Thus the predicted total CFTR function of the present eight cases with chronic pancreatitis carrying L1156F may vary from ϳ30 to ϳ90% of the wild type. In addition, CFTR-coupled Cl Ϫ /HCO 3 Ϫ exchange activity was substantially affected by M470V, L1156F, and the double mutation (Fig. 6) . Thus CFTR-dependent HCO 3 Ϫ transport by pancreatic duct is probably further impaired, which may increase the risk of developing chronic pancreatitis.
In European populations, not only CF carriers (8) , but also subjects carrying one mild/uncommon CFTR mutation (45) are at an increased risk of chronic pancreatitis. A study from the United States reported that a risk of chronic pancreatitis was increased by the presence of p.R75Q, a non CF-causing, HCO 3 Ϫ -conductance impairing CFTR variant (40) . Thus non-CF-causing CFTR variants increase the susceptibility to chronic pancreatitis in both Europeans and Japanese. Chronic pancreatitis is now thought to be a complex disease caused by complicated interactions between various genes and environmental factors (7) . Mild CFTR dysfunction due to non-CFcausing variants may be one genetic factor. A recent study from Germany reported that compound and transheterozygosity of CFTR, SPINK1, CTRC, and PRSS1 variants is an overt risk factor of idiopathic chronic pancreatitis (39) .
Although alcohol abuse is the major cause of chronic pancreatitis, the mechanisms by which EtOH induces pancreatic injury have not been well understood. Recent studies demonstrated that EtOH and its nonoxidative metabolites, fatty acid ethyl esters, inhibited the protein expression and function of CFTR in pancreatic duct cells (23, 29) . In the present study, combination of EtOH and ALD (Fig. 2) and POAEE (Fig. 3) decreased the protein expression of wild-type CFTR in HEK-293 cells. Only a minority of heavy drinkers develop pancreatitis, which suggests the existence of predisposing and protective genetic factors. N34S-SPINK1 allele and CTRC variants were reported to be more frequent in patients with alcoholic chronic pancreatitis than in controls, whereas lossof-function variants of PRSS1 and PRSS2 were overexpressed in controls compared with patients with alcoholic pancreatitis (7) . On the other hand, the association of CFTR variants and alcoholic chronic pancreatitis has not yet been clarified (37) .
Although 1 of 18 patients (5.6%) with idiopathic chronic pancreatitis had L1156F, L1156F was more prevalent (10.0%) in the patients with alcoholic chronic pancreatitis in the present study (Table 2) . One patient with alcoholic chronic pancreatitis had M470VϩL1156F-CFTR and N34S-SPINK1 (Table 3 ). In the present study, we have for the first time identified the alcoholic chronic pancreatitis-susceptibility genotype, M470Vϩ L1156F-CFTR. The protein expression of M470VϩL1156F-CFTR was not affected by EtOH, ALD, and POAEE (Figs. 2 and  3 ). The association of L1156F and EtOH needs to be further investigated.
In summary, our present data suggest that the Japanesespecific CFTR variant, L1156F, is associated with alcoholic chronic pancreatitis. L1156F is linked with the worldwide CFTR variant M470V. Combination of L1156F and M470V impairs protein expression and HCO 3 Ϫ /Cl Ϫ transport activity of CFTR and CFTR-coupled Cl Ϫ /HCO 3 Ϫ exchange activity. The molecular mechanisms underlying the synergistic effects of L1156F and M470V need to be investigated.
